The fabrication of pH-sensitive ISFET devices in an unmodified two-metal commercial CMOS technology (1.0 m from Atmel-ES2) is reported. The ISFET devices have a gate structure compatible with the CMOS process, with an electrically floating electrode consisting on polysilicon plus the two metals. The passivation oxynitride layer acts as the pH-sensitive material in contact with the liquid solution. The devices have shown good operating characteristics, with a 47 mV/pH response. The use of a commercial CMOS process allows the straightforward integration of signal-processing circuitry. An ISFET amplifier circuit has been integrated with the ISFET sensors.
Introduction
Ion-sensitive field-effect transistors (ISFETs), first described by Bergveld in the early 1970's [1] , have experienced a strong development. The ISFET has advantages over ion selective electrodes (ISE), such as small size, low cost and robustness. However, to be useful for chemical analysis, these properties must also be achieved for the complete analytical instrument. A small system size with a low cost is required, for example, for portable analytical applications. The integration of the ISFET measurement circuitry with the ISFET sensor in the same silicon chip can be advantageous in order to obtain a small system size and a low cost (if the production volumes are relatively high). A typical circuit that can be integrated for the measurement of the ISFETs is the ISFET amplifier, also known as source-drain follower [2] . A higher level of integration also results in a higher system reliability.
The integration of pH-sensitive ISFETs and electronic circuitry requires the fabrication of the ISFET devices in a CMOS technology. This, however, is not a straightforward task. The main problem is that a standard ISFET has only insulating materials in its gate region, which must be in contact with the liquid solution. By contrast, in a CMOS process a polycrystalline silicon (polysilicon) electrode in the gate region is required to define the self-aligned source and drain regions for the MOS transistors. This means that specific processes or design structures must be used to fabricated the ISFETs in a CMOS process. A first approach is to use dedicated CMOS processes with specific "ISFET steps" [3, 4, 5] . However, to fabricate integrated sensors it is desirable to use standard CMOS processes, as this has a number of advantages. The system design can be greatly simplified if a commercial process from a CMOS foundry is used, as in this 3 case the foundry well established design environment can be used. This includes all existing signal-processing circuit standard cells, which can be directly applied to the design of the system [6] .
To obtain the source and drain regions of the ISFET in a standard CMOS process, a polysilicon electrode must be left in the gate area. A successful ISFET operation can be obtained in this case if an insulating pH-sensitive layer is located on top of the polysilicon. This is because an ISFET can be, in principle, considered as an ISE with FET detection [7] . Using this concept, extended gate ISFET structures were developed [8, 9] , in which a chemically-sensitive layer was deposited over a metal, which was connected by a metal line to the gate of a MOSFET. A particular case of this structure would have the metal interconnect length reduced to zero, in which case a vertical structure "sensitive layer / metal / FET gate oxide" is obtained. This structure would be the same as the "sensitive layer / polysilicon / gate oxide" structure that is required for the CMOS-compatible ISFET.
ISFET devices with an electrically-floating polysilicon gate were fabricated in a modified CMOS process by Bousse et al. [10] . The polysilicon was used to define the source and drain regions, and was covered by a silicon nitride layer, used as the pHsensitive material. To obtain good chemical sensing properties, the silicon nitride was deposited by the low-pressure chemical vapour deposition technique at a high temperature. The silicon nitride was also used as the CMOS passivation, and was therefore deposited after the metal layer. This precluded the use of a standard CMOS metallisation based on aluminium. Thus a specific metallisation scheme based on tungsten silicide, able to withstand high temperatures, was used in that process. A similar device structure had been considered previously by Smith et al. [11] for electrostatic protection of the ISFET gate, but in that case the polysilicon gate was not completely floating, as it was connected via a MOSFET switch to the external measurement circuitry. The use of a polysilicon layer on the ISFET gate has also been shown to be useful for achieving a low light sensitivity [12] . 
Device structure
The ISFETs have been fabricated in the 1.0 m commercial CMOS technology from Atmel-ES2, Rousset, France. This process has two metal levels and one polysilicon layer. The source and drain regions of the MOS transistors are defined by self-aligned ion implantations using the gate polysilicon as a mask, which is a common feature of all standard CMOS processes. The process includes a lightly-doped drain (LDD) extension 5 for the NMOS transistors. In order to fabricate the source and drain regions of the ISFETs, a polysilicon electrode must therefore be present in the gate area.
The dielectric layer in contact with the liquid solution must be one of the dielectrics used in the CMOS process. The material that would have better pH-sensing properties is the 1.5 m-thick silicon oxynitride passivation. Additionally, as it is the last layer of the process, its surface properties would not be affected by further processing. The pHsensitive passivation layer can therefore be deposited on the polysilicon gate electrode, which can then be left electrically floating [10] , thus obtaining in the gate region of the ISFET a series combination of the passivation oxynitride capacitance and the oxide gate capacitance. In this way, the pH-dependent electrical charge in the surface of the oxynitride insulator in contact with the liquid solution is detected by the silicon surface. This approach, which seems straightforward, has however a technological problem. It is not possible to obtain a polysilicon-passivation structure if the standard CMOS process is followed. The fabrication of such structure requires the removal of the two intermetal oxides and the two metal layers from the polysilicon area. However, the etching of these layers destroys the underlying polysilicon. Fortunately, there is a way to circumvent this problem. An electrically-floating conducting electrode can be obtained in the gate region if the two metal layers are left on top of the polysilicon. The crosssection of the resulting structure is shown in Fig. 1 .a. following the cross-section of Fig. 1 .a. To obtain a high transistor channel width, and thus a high transconductance, in a small silicon area, an interdigitated source and drain layout has been used in device types 3 to 5. In device 3 the metals are just located over the polysilicon, with basically the same dimensions. Device types 4 and 5 have been designed with a continuous rectangular metal layer on top of the polysilicon strips that define the interdigitated sources and drains. Fig.1.b. shows a schematic top view of their layout. Fig. 1 .c. shows a schematic cross-section of these "continuous metal" devices.
This structure has one advantage from the technological point of view. It is more similar to the structures that appear in CMOS circuits, where metal interconnects are on top of the inter-metal oxides and contact the polysilicon only at specific points. Also, it allows to use standard CMOS dimensions for the metal-1 to polysilicon contact holes and the metal-2 to metal-1 vias, although we have used higher contact dimensions in our devices. Fig. 2 shows a photograph of a chip that includes all ISFET types. Two versions, corresponding to NMOS and PMOS ISFETs have been fabricated, but only the NMOS devices are reported here.
Experimental
To allow the ISFET devices to be immersed in a liquid solution during measurements, the ISFET chips were mounted near the tip of a 110 mm x 6 mm printed circuit board (PCB) and wire-bonded in the usual manner. The chips, wire-bonding and copper tracks of the PCB were then encapsulated by hand using an epoxy resin (Epo-Tek H77, from Epoxy Technology Inc.) so that only the ISFET gate was exposed to the environment, while all electrical contacts were insulated by the epoxy encapsulant. As discussed in the introduction, one of the advantages of fabricating the ISFETs in a commercial CMOS process is that all the existing circuit standard cells can be used to integrate with the ISFET the circuitry required to measure it. We have therefore designed an integrated version of the ISFET-amplifier circuit by using standard cells from the Atmel-ES2 1.0 CMOS process. The ISFET amplifier (Fig. 3) has been integrated in the same chip as two "continuous metal" (type 5) ISFETs. The system chip is shown in Fig. 4 . Most of the contacting pads that can be seen in the circuit are only for circuit testing purposes during the prototype stage. 
Results and discussion
The electrical characterisation has shown that all the ISFETs have good characteristics [13] adapted to insulators having both amphoteric and basic sites [14] , such as the silicon nitride and oxynitride, and using also the standard semiconductor device theory [15] . The high positive threshold voltage value obtained in our case can be explained by the big thickness (1.5 m) of the oxynitride layer. The devices of types 4 and 5 have a continuous metal over polysilicon lines (Fig.1., b and c) . The pH-sensitivity results for a type 5 device are shown in Fig. 6 . A sensitivity of 47 mV/pH has been obtained. The pH-sensitivity of silicon oxynitride layers depends on their composition and more precisely on the ratio between surface silanol sites and amine sites [16] , and this value is within the expected range. The ISFETs have been operating satisfactorily for more than two months. 
